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E
ndothelial cells (ECs) form tubes for the transport of blood; in addition, ECs regulate organogenesis, tissue regeneration, stem cell differentiation, or tumor progression in a paracrine (angiocrine) fashion. 1, 2 Given that ECs are in close proximity to almost every other cell type, they are ideally suited to control homeostasis. Although this may also be important for controlling the distribution of nutrients to parenchymal cells, little is known about this process.
Located at the interface between plasma and parenchymal cells, EC heterogeneity provides organ-specific vascular beds. 1 For instance, sinusoidal liver ECs form gaps and do not provide a physical barrier for nutrient transport, whereas the continuous endothelium in muscle, heart, lung, or brain requires transcellular transport of nutrients. EC fatty acid transport is facilitated by PPARγ and Meox2/Tcf15, 3, 4 and previous studies have discussed how vascular endothelial growth factor B secreted from cardiomyocytes stimulates EC fatty acid transport. [5] [6] [7] The activity of Notch signaling in various cell types is influenced by plasma glucose [8] [9] [10] [11] and inflammatory lipids, 12 suggesting a link between the metabolic status and Notch signaling activity. Notch signaling is an intercellular communication system. The binding of ligands (Delta-like [DLL] and Jagged) triggers the cleavage of Notch receptors to release the intracellular domain (Notch-ICD) that enters the nucleus and interacts with Mastermind-like-1 and the Rbp-jκ complex to act as a transcription factor. In the developing vasculature and in solid tumors, DLL4/ Notch signaling restrains angiogenesis, 13 whereas in the adult quiescent endothelium, the role of Notch signaling is not yet understood.
Notch signaling is an interesting target for therapeutic interventions in oncology. However, severe congestive heart failure occurred in a substantial proportion of patients treated with different DLL4-blocking antibodies in phase I studies 14, 15 that target Notch signaling predominantly in ECs and a few other cell types. The reason for this outcome remains elusive.
METHODS
The authors declare that all supporting data are available within the article and its online supplementary files.
Please refer to the Expanded Methods in the online-only Data Supplement for experimental details.
Animal Studies
The study was approved by Institutional and Regional Animal Research Committees. All animal procedures were in accordance with institutional guidelines and performed according to the guidelines of the local institution and local government (Regierungspräsidium Karlsruhe).
Rbpj iΔEC mice (Cdh5-CreERT2,Rbpj lox/lox ) were obtained by crossing Cdh5-CreERT2 mice with Rbpj lox/lox mice 16 and injected with 1.5 mg tamoxifen IP for 5 consecutive days. Triacylglycerols, total ketone bodies, and nonesterified fatty acids were measured using kits from Sigma and Wako Diagnostics. Glucose-6-phosphate was determined with a kit from Cayman Chemical Company. Acyl-CoAs were extracted from tissues and measured as described. 17, 18 Mice were not anesthetized during transthoracic echocardiography. 19 Long-chain fatty acid organ uptake was assessed as described. 20 DLL4-blocking antibodies were from Genentech. 21 
Statistical Analysis
The results are presented as mean and SEM. SigmaPlot 12.5 (Systat Software) was used for statistical analysis. Unpaired 2-tailed Student's t test was used for comparisons of 2 groups (most of the presented experiments). Significance between >2 groups was tested by 2-way analysis of variance using the Holm-Sidak method as a post hoc test. The log-rank test was used to compare survival of mouse cohorts. P<0.05 was considered statistically significant.
RESULTS
Neutralizing DLL4 Antibodies Impairs Heart Function in Mice
Notch1 is expressed in variable amounts in ECs and several other cell types. 22 We observed Notch1 expression in ECs of heart, skeletal muscle, liver, and white adipose tissue of adult mice ( Figure 1A ). In the hearts of wild-type mice, there was in particular Notch1 activity in blood vessels as demonstrated by the presence of Notch1-ICD ( Figure 1B ). Pharmacological targeting of Notch signaling specifically in ECs is not possible to date. However, the expression of the Notch ligand DLL4 is more restricted to the vasculature, making this an attractive target to inhibit vascular Notch signaling. Inspired by the fact that heart failure was observed in phase I trials using neutralizing DLL4 antibodies, 14, 15 we aimed to test whether neutralizing antibodies against murine DLL4 23 
Clinical Perspective
What Is New?
• This study shows that Notch signaling in the endothelium controls blood vessel formation and fatty acid transport in the adult mouse heart. • Inhibition of Notch signaling in the vasculature leads to expansion of the cardiac vasculature and impairment of fatty acid transport to cardiomyocytes.
• This results in metabolic reprogramming and heart failure.
What Are the Clinical Implications?
• Notch signaling is a promising target in oncology.
• Pharmacological inhibition of Notch signaling could lead to heart failure because of vascular and metabolic remodeling of the heart. 
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would also impair heart function in C57BL6 wild-type mice. Eight weeks after the first injection, freshly isolated ECs had lower mRNA expression levels of Hey1 and Hey2, which is indicative of decreased Notch signaling activity ( Figure 1C ). The mice had no changes in body weight compared with controls as observed before, 23 and the heart-to-body-weight ratio was slightly but not significantly increased ( Figure 1D ). Transthoracic echocardiography revealed that anti-DLL4 treatment led to a reduction in ejection fraction and fractional shortening in 3 of 5 mice ( Figure 1E through 1I).
EC-Specific Rbp-jκ Ablation Impairs Heart Function
To test whether the inhibition of Notch signaling selectively in the endothelium contributes to the development of heart failure, we inactivated the Rbpj gene-encoding A, Sections of gastrocnemius muscle, heart, liver, and perigonadal white adipose tissue (WAT) from adult C57BL/6 mice stained against Notch1 (green). Endothelial cells were stained with TRITC-IB 4 -lectin (Griffonia simplicifolia) (red), and nuclei were stained with DAPI (blue). Scale bar, 100 µm. B, Antibody staining against activated Notch1 (Notch1-ICD; brown) in left ventricular wall of adult C57BL/6 mice counterstained with hematoxylin. Representative images shown. Scale bar, 100 µm. C through I, Adult C57BL/6 mice were treated with DLL4 neutralizing antibodies and control antibodies for 8 weeks. C, mRNA expression levels of the Notch target genes Hey1 and Hey2 in freshly isolated lung endothelial cells. D, Heart weight in relation to body mass. E through I, Figure IA and IB in the online-only Data Supplement). Cre-negative tamoxifen-treated littermates were used as controls. In addition, the cardiac phenotype was also analyzed in Cre-positive tamoxifen-treated mice lacking the floxed allele. As reported before, 23 both controls showed no significant differences.
Heart morphology and weight as well as cardiac pump function were not altered 4 to 5 weeks after injection of tamoxifen (post injection [p. Electron microscopy showed normal arrangement of the cardiac muscle fibers, intercalated discs, and normal morphology and localization of mitochondria. However, the mitochondrial size was increased and the mitochondria often contained electron-dense particles likely representing calcium precipitates ( Figure 2C and Figure IIC and IID in the online-only Data Supplement), which can form because of high cytoplasmic calcium levels. 24 Cardiac calcium handling can be impaired because of diminished ATP, 25 and indeed there was a significant reduction of ATP levels in heart lysates of Rbpj iΔEC mice ( Figure 2D ). The heart-to-body-weight ratio was >70% higher in Rbpj iΔEC than in control animals ( Figure 2E ). Echocardiography revealed that the left ventricle was massively enlarged and had an ejection fraction of <20% ( Figure 2F through 2I, Figure IIE through IIH in the online-only Data Supplement, and Movie in the online-only Data Supplement). The lungs of Rbpj iΔEC mice were significantly heavier than controls ( Figure 2E ), indicating pulmonary edema because of reduced pumping function of the left ventricle. This finding was accompanied by an increased expression of the natriuretic peptide Bnp ( Figure 2J ).
Heart failure often leads to a switch in gene expression from the adult toward the fetal gene expression program. The fetal heart has a strong preference to carbohydrates over fatty acids as substrates for energy provision and shows lower expression of genes associated with fatty acid oxidation. 26 We detected clear evidence for induction of the fetal gene expression program in the hearts of Rbpj iΔEC mice 8 weeks p.i. with altered expression of glucose transporter-4 (Glut4), pyruvate dehydrogenase kinase isoform-2 (Pdk2), acylCoA dehydrogenase, long chain and medium chain (Acadl, Acadm), citrate synthase (Cs), carnitine palmitoyltransferase-1b (Cpt1b), collagen type IIIα (Col3a), and myosin heavy polypeptide-6 (Myh6) ( Figure 2J ).
EC-Specific Rbp-jκ Ablation Leads to Increased Cardiac Blood Vessel Density
EC Notch signaling restrains angiogenesis during development, ischemia, tissue repair, and tumor growth. 13 To test whether Notch inhibition would also lead to increased blood vessel growth during heart hypertrophy and failure, blood vessel density was determined. There was already a pronounced alteration in cardiac blood vessel morphology in several spots throughout both ventricles of Rbpj iΔEC mice at 4 weeks p.i., and the CD31-positive area was increased compared with controls ( Figure 3A and 3B). Even in the hypertrophic hearts 7 weeks p.i., there was still a substantial increase in the CD31-positive area. In skeletal muscle, vessel density was increased at 8 weeks p.i., whereas in the brain, no such changes were observed ( Figure 3A , 3C, and 3D). The increased cardiac vessel density was associated with higher CD31 and Vegfr2 mRNA levels in heart lysates, whereas Vegf-a levels, indicative of hypoxia, were not increased ( Figure 3E ).
To test whether these vascular alterations would severely alter blood perfusion, we first analyzed skin perfusion and detected no significant changes ( Figure 3F ). Second, Hoechst dye 33342 was injected intravenously, and mice were euthanized 60 seconds later. The dye reached essentially all cell nuclei of cardiac muscle in Rbpj iΔEC (8 weeks p.i.) and control mice, indicating no major defect in blood perfusion ( Figure 3G ). The same was observed in skeletal muscle (data not shown).
Elevated Plasma Triacylglycerols and Nonesterified Fatty Acid Levels in Rbpj iΔEC
Mice
Because the observed vascular alterations appeared unlikely as the sole cause of heart failure, we searched for additional means by which altered EC function could contribute to the deterioration of heart function. Changes in cardiac metabolism might cause heart failure. 27 ECs play an important role in shuttling fatty acids to subendothelial cells 3, 4 and could thereby lead to metabolic remodeling in case nutrient transport is impaired. Figure 2 . Endothelial-specific Rbpj inactivation causes cardiac hypertrophy and heart failure. A and B, H&E staining of hearts shows cardiac hypertrophy 7 weeks after Rbpj gene recombination. Scale bar, 25 µm (A), 1 mm (B). C, Electron micrographs of hearts 8 weeks after gene recombination (L, lipid droplet; C, cardiac muscle; M, mitochondrion). Scale bar, 500 nm. D, ATP in heart lysates 8 weeks after gene inactivation (n=10 control and 11 Rbpj iΔEC mice). E, Relative organ mass 8 weeks after Rbpj recombination (n=4 control and n=5 Rbpj iΔEC mice). F through I, Eight weeks after gene recombination, transthoracic echocardiography shows impaired heart function in Rbpj iΔEC mice (n=5 mice). J, Transcript levels of the cardiac hypertrophy and heart failure marker Bnp (natriuretic peptide type B) and markers of the fetal cardiac gene expression program in heart lysates (Col3a1, type III collagen; Myh6, alpha myosin heavy chain; Glut4, glucose transporter-4; Pdk2, pyruvate dehydrogenase kinase isozyme-2; Acadl, acyl-coenzyme-A dehydrogenase long-chain; Acadm, acyl-coenzyme A dehydrogenase medium chain; Cs, citrate synthase; Cpt1b, carnitine palmitoyltransferase-1b muscle; n=4). H&E indicates hematoxylin and eosin; and LVIDs, left ventricle inner diameter during systole. Mean and SEM or representative pictures shown. Box plot depicts median and percentiles (10th, 25th, 75th, 90th). *P<0.05; ***P<0.001. A, Staining sections of heart (left ventricular wall), gastrocnemius muscle, and brain against the endothelial marker CD31 at 4 and 7 or 8 weeks after gene recombination. Four weeks after endothelial Rbpj gene recombination, there were areas of normal vascular morphology and some with increased vessel size and vessel density (representative pictures shown). B through D, Quantification of the CD31-positive to total area in heart, muscle, and brain 4 (n=3 mice) and 7 weeks (n=5 mice) after gene recombination. E, mRNA expression of CD31, Vegfr2 (vascular endothelial growth factor receptor 2), and Vegf-a (vascular endothelial growth factor A) in heart lysates of Rbpj iΔEC and control mice 7 weeks after gene recombination (n=4 mice). F, Blood perfusion in the ear skin determined by laser-Doppler analysis 7 weeks after gene recombination (n=6 control and 7 Rbpj iΔEC mice). G, Hoechst dye 33342 (blue) was injected into a tail vein 7 weeks after gene recombination (n=5 mice), and mice were euthanized 60 seconds later. Fixed heart sections were counterstained with nuclear red to identify cell nuclei, to which the dye was transported (representative images). Scale bars, 50 µm. Mean and SEM shown. *P<0.05; ***P<0.001.
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Because the activity of Notch signaling is influenced by several metabolites, [8] [9] [10] [11] [12] we aimed to analyze whether EC Notch signaling could be involved in controlling the metabolite flux from plasma to muscle cells. Rbpj iΔEC mice showed no differences in body fat and lean masses compared with Cre-negative littermate controls 8 weeks p.i. (Figure II I in the online-only Data Supplement). The morphology of Langerhans islets (Figure 4A) and storage of carbohydrates in the liver were comparable to controls (data not shown). However, the plasma of Rbpj iΔEC mice showed elevated levels of triacylglycerols and nonesterified fatty acids ( Figure 4B and 4C), and mice developed fatty liver ( Figure 4D ). This outcome could already be observed at 3 to 4 weeks p.i., when cardiac output function was still normal. This finding indicated that EC Notch signaling might be needed for the transendothelial transport of fatty acids.
EC Notch Signaling Is Needed for Clearance of Plasma Triacylglycerols
Triacylglycerols are processed into fatty acids by lipases apically bound to ECs. It is important to note that the discontinuous liver endothelium is no barrier for fatty acid uptake by hepatocytes. In turn, the continuous endothelium in muscle provides transcellular transport of fatty acids. 1 First, we analyzed potential crosstalk between endothelium and fatty acid metabolism in liver. Liver histology showed regular trabecular architecture. Fibrosis, necrosis, or overt inflammation were not present (Figure 4A) . The expression of genes involved in lipogenesis in liver lysates of Rbpj iΔEC mice did not indicate increased hepatic triacylglycerol production, and the expression of β-oxidation enzymes was not altered ( Figure 4E and 4F). Furthermore, the blockade of vascular lipolysis by tyloxapol showed that hepatic triacylglycerol production was not increased in Rbpj iΔEC mice compared with controls ( Figure 4G ). Because hepatic lipid metabolism unlikely explained the accumulation of triacylglycerol in the liver and plasma, we hypothesized that transendothelial fatty acid transport in organs containing a continuous endothelium could be impaired.
To test this theory, we first challenged Rbpj iΔEC mice (4 to 5 weeks p.i.) with an oral application of olive oil. As expected, plasma triacylglycerol levels first increased to a maximum, which was similar in both genotypes. Then the circulatory triacylglycerol levels of Rbpj iΔEC mice decreased more slowly than those of controls, suggesting lower triacylglycerol clearance into the tissues as indicated by a smaller slope between peak and end of the experiment ( Figure 4H and 4I) . It is important to note that the fat resorption from the gut did not seem to be impaired because the defecation rate and the triacylglycerol concentration in feces were similar in both genotypes (Figure 4J and 4K) .
EC Notch Signaling Is Required for Vascular Lipolysis and Transport of Nonesterified Fatty Acids
The triacylglycerol clearance test indicated that loss of EC Notch signaling leads to either decreased lipase activity or reduced EC transcytosis of fatty acids. Indeed, we detected a ≈50% reduction of plasma lipase activity in Rbpj iΔEC mice ( Figure 5A ). Second, we analyzed whether lipase activity and the transendothelial fatty acid transport would be controlled by Notch signaling. To this end, the uptake of intravenously injected tracer 3 H-R-bromopalmitate, a slowly metabolized palmitate analogue, into different organs was measured. Compared with controls, Rbpj iΔEC mice (5 weeks p.i.) had lower uptake rates of palmitate into heart and skeletal muscle. As expected, no alterations were seen in the liver ( Figure 5B and 5C) , in which the sinusoidal endothelium does not act as a tight barrier.
Based on these experiments, we expected to detect diminished levels of activated fatty acids (acyl-CoA) in cardiac and skeletal muscle of Rbpj iΔEC mice. Indeed, acylCoA levels were reduced to 80% in skeletal muscle and to 55% in the hearts of Rbpj iΔEC mice compared with controls ( Figure 5D ). Detailed analysis of fatty acids bound to carnitine revealed a decrease in long-chain but not in mediumor short-chain fatty acids in cardiac muscle ( Figure 5E ).
Notch Signaling Facilitates Uptake of Fatty Acids Into Cultured ECs
Next, we aimed to analyze the transport of fatty acids into ECs in an in vitro setting to exclude the potential effects of unknown factors that may interfere with such transport in transgenic mouse models. We first tested whether Notch signaling generally alters paracellular flux through an EC monolayer in vitro because this would affect monitoring the specific transport of fatty acids. Therefore, we manipulated Notch signaling activity in primary human umbilical venous ECs (HUVECs), the prototypic tool for EC research.
Notch inhibition increased paracellular permeability as determined by measuring the transendothelial electric resistance and capacity ( Figure IIIA in the online-only Data Supplement). In addition, the flux of fluorescent 4-kDa dextran tracers in a transwell filter assay was increased after Notch inhibition, whereas no such changes were observed with 40-kDa dextran tracers ( Figure IIIB and IIIC in the online-only Data Supplement), indicating a size-selective opening of paracellular transport routes.
In vivo, extravasation of Evans blue (bound to plasma proteins) was, however, not increased in Rbpj iΔEC mice compared with littermate controls under basal conditions or after stimulation with histamine. In the latter case, there was even a slight reduction of paracellular permeability compared with control animals ( Figure  IIID 
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peritonitis assay, Rbpj iΔEC mice exhibited no signs of increased permeability compared with controls ( Figure IIIE and IIIF in the online-only Data Supplement). Basal paracellular permeability of 10-and 40-kDa tracers was similar in the hearts of Rbpj iΔEC mice compared with controls ( Figure IIIG and IIIH in the online-only Data Supplement).
Hence, the inhibition of Notch signaling promotes paracellular flux of small molecules in vitro but not in vivo. For this reason, we could not determine how Notch inhibition alters the transport of fatty acids through an EC monolayer in vitro. However, we could detect that the inhibition of Notch signaling impaired the uptake of 
a fluorescent palmitate analogue into HUVEC, whereas this was increased on Notch stimulation by recombinant DLL4 ( Figure 5F ).
Notch Controls Expression of LIPG and ANGPTL4 to Facilitate Vascular Lipolysis
Next, we aimed to identify mechanisms for how EC Notch signaling controls fatty acids transport. Notch/ Rbp-jκ signaling activates gene expression by binding to promoter elements or represses gene expression indirectly by the induction of HES and HEY transcriptional repressors. The activity of Notch signaling was inhibited by the expression of dominant-negative Mastermind-like-1 (dnMAML) and enhanced by the expression of Notch1-ICD in HUVEC, and efficiency was controlled by quantitative polymerase chain reaction assessing target genes (HEY1, HEY2, DLL4, (Figure 6A ), which hydrolyzes mainly phospholipids but also triacylglycerol.
In addition to hydrolysis by LIPG, fatty acids can also be released from triacylglycerol-containing lipoproteins by lipoprotein lipase. This lipase is synthesized and secreted by parenchymal cells (eg, cardiomyocytes) and subsequently bound at the apical EC surface by Gpihbp1. 28, 29 The expression of Gpihbp1 in primary cardiac ECs isolated from Rbpj iΔEC mice was similar to expression in cells isolated from controls ( Figure 6B ).
Vascular lipolysis is also controlled by the noncompetitive lipoprotein lipase inhibitor angiopoietin-like 4 (ANG-PTL4). Notch inhibition in HUVEC led to increased expression of ANGPTL4 mRNA, whereas Notch1-ICD decreased it ( Figure 6A ). ECs isolated from the hearts or lungs of Rbpj iΔEC mice had increased expression levels of Angptl4 mRNA ( Figure 6C ). Notch blockade in HUVEC increased ANGPTL4 protein amounts ( Figure 6D ). Consistently, hearts from Rbpj iΔEC mice contained substantially more Angptl4 protein-expressing ECs compared with controls as indicated by a stronger colocalization with lectin-GS-IB4 ( Figure IV in the online-only Data Supplement), indicating that EC Notch signaling inhibits the production of the lipoprotein lipase inhibitor Angptl4.
EC Notch Signaling Induces CD36 and FABP4/5 to Facilitate Fatty Acid Transport
After lipolysis, fatty acid transport proteins (in particular, Fatp4) take up fatty acids into ECs. Uptake of longchain fatty acids is supported by fatty acid translocase (CD36). Although the mRNA expression of Fatp4 and of acyl-CoA synthetases was not altered, we detected lower levels of CD36 expression on Notch inhibition and higher CD36 mRNA levels in cells with increased Notch activity ( Figure 6A ). In freshly isolated cardiac and lung ECs from Rbpj iΔEC mice, lower CD36 mRNA expression was observed ( Figure 6C ), and protein regulation could be verified in primary cardiac ECs ( Figure 6E ). In cultured ECs, CD36 expression increased the uptake of fluorescent palmitate ( Figure 6F ) as reported before. 30 Notch signaling induces the expression of fatty acid binding protein (FABP)-4, an intracellular lipid chaperone, by binding of Rbp-jκ to the FABP4 promoter. 31 We confirmed this gene regulation and found that Notch1-ICD also induces FABP5 in HUVECs. Consistently, HUVECs expressing dn Mastermind-like-1 had reduced the expression of FABP4 (Figure 6A and 6G) .
EC fatty acid transport is facilitated by PPARγ, which stimulates the expression of CD36 and FABP4. 4 However, treatment of EC with the PPARγ inhibitor T0070907 did not prevent the effect of Notch1-ICD on the expression of CD36, FABP4, and ANGPTL4 ( Figure 6H ). Chromatin immunoprecipitation revealed that Rbp-jκ interacts with a CD36 promoter element, which contains 2 putative Rbp-jκ-binding sites (TG[G/A]GAA) ( Figure 6I ). Taken together, inhibition of Notch signaling led to decreased expressions of LIPG, CD36, and FABP4, whereas transcription of the lipoprotein lipase inhibitor ANGPTL4 increased, indicating that EC Notch signaling is essential for proper triacylglycerol hydrolysis and long-chain fatty acid transport.
EC-Specific Rbp-jκ Ablation Changes Cardiac Nutrient Supply, Leading to Accumulation of Monosaccharides and Their Metabolites
The heart oxidizes long-chain fatty acids to generate the majority of its energy needs. 32 An imbalance of fatty acid and glucose supply has been proposed as a potential cause of cardiac remodeling and failure. 26, 27 We observed a 2-fold reduction of activated fatty acids in heart lysates of Rbpj iΔEC mice ( Figure 5D ) and expected a compensatory increase in glucose uptake and consumption. Indeed, positron emission tomography revealed that cardiac uptake of 18 F-fluoro-2-deoxy-dglucose was substantially increased in Rbpj iΔEC mice (Figure 7A and 7B ). This increase is in a similar magnitude as observed in a different mouse model, which develops impaired cardiac contractility because of decreased endothelial fatty acid transport. 3 The elevated glucose uptake was accompanied by 3-fold higher levels of glucose-6-phosphate in hearts of Rbpj iΔEC mice (5-6 weeks p.i.) ( Figure 7C ). In addition to accumulation of glucose-6-phosphate, we detected a marked increase in glucose, maltose, sucrose, and mannose, all of which can be derived from glucose in hearts of Rbpj iΔEC mice, whereas plasma glucose levels were decreased compared with controls ( Figure 7D and 7E) . Periodic acid-Schiff staining did not show signs of glycogen accumulation in hearts 6 weeks p.i. (data not shown). However, there were higher levels of pyruvate in Rbpj iΔEC hearts ( Figure 7F ). These datasets suggest that there was a shift in nutrient supply to the heart muscle with increased glucose uptake to compensate for the impaired fatty acid transport.
Cardiac Accumulation of Glucose-6-Phosphate Is Accompanied by Sustained AKT and mTOR-S6K Signaling
It is assumed that sustained accumulation of glucose-derived metabolites and increased glycolysis rates activate mTOR-S6K signaling and other pathways leading to cell hypertrophy and subsequent heart failure. 26, [33] [34] [35] [36] [37] [38] Therefore, we analyzed the activity of kinases that are involved in cardiac hypertrophy in heart lysates. The phosphorylation of AKT, ERK1/2, mTOR, p70S6K, and S6 was significantly enhanced in Rbpj iΔEC mice 7 weeks p.i. ( 
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To test how glucose or its metabolites act on S6K activation, freshly isolated neonatal rat cardiomyocytes were treated with 5 g/L glucose. This led to robust induction of S6K activity. 3-O-methyl-glucose alone, which is taken up by cells but is not phosphorylated and metabolized, did not activate S6K and did not prevent and control mice were treated with rapamycin and control diet, vehicle and ketogenic diet, or vehicle and control diet. Mice receiving the ketogenic diet were additionally pretreated with a high-fat diet for 2 weeks (n=4 control and 5 Rbpj iΔEC mice). C, Heart-to-body-weight ratio. D and G, Rbpj iΔEC and control mice were fed ketogenic and control diets, respectively, starting with gene recombination (n≥4 mice). E through G, Transthoracic echocardiography (n≥4 mice). H, Glucose-6-phosphate (G-6-p) levels in hearts from mice kept on control or ketogenic diet (n=4). AKT indicates protein kinase B; BAD, bcl2-associated agonist of cell death; ERK, mitogen-activated protein kinase; LVIDs, left ventricle inner diameter during systole; PRAS40, proline-rich AKT1 substrate 40kDa; S6, ribosomal protein; and S6K, ribosomal protein S6 kinase β-1. Mean and SEM or representative pictures shown. *P<0.05; **P<0.01; ***P<0.001.
glucose-induced S6K activation. However, 2-deoxyglucose, an inhibitor of glycolysis, prevented glucosemediated induction of S6K activity (Figure VB in the online-only Data Supplement).
Interventional Therapy With Rapamycin or Feeding a Ketogenic Diet Prolongs Survival of Rbpj iΔEC Mice
Rbpj iΔEC mice developed severely impaired heart function around 8 to 10 weeks p.i., which was associated with increased mTOR-S6K activity. Rapamycin inhibits mTOR signaling and prevents mTOR-mediated cardiac hypertrophy and heart failure in rodent models. 37, 38 We treated Rbpj iΔEC mice with rapamycin (2 mg/kg IP every day) 8 to 11 weeks after gene recombination. Shamtreated Rbpj iΔEC mice died in this period, whereas rapamycin-treated mice had a strongly increased survival rate (P=0.02) ( Figure 8B) .
Because rapamycin has a strong immunosuppressive effect, we also searched for alternative treatments. We propose that the impairment of heart function in Rbpj iΔEC mice occurs to a large extent because of a shift from long-chain fatty acid to carbohydrate supply to cardiomyocytes. Therefore, one could potentially interfere by restricting the availability of glucose to a minimum and increasing the supply of alternative substrates for mitochondrial oxidation, which do not require EC lipase activity and transport via CD36 and Fabp4/5 and which do not activate mTOR signaling. A strict ketogenic diet is ideally suited to fulfill these requirements. Amino acids from dietary protein are the source from which to generate glucose for nourishing erythrocytes and neurons, whereas fat is converted by hepatocytes into ketone bodies, a preferred energy substrate for cardiomyocytes. In addition, cardiac utilization of ketone bodies inhibits oxidation of fat and glucose. 34 It is important to note that ketone bodies are transported by monocarboxylate transporters, whose expression was not severely affected by the loss of Rbp-jκ ( Figure VC in the online-only Data Supplement).
First, Rbpj iΔEC mice were fed a ketogenic diet (0.2% carbohydrates, 67% fat, 18% proteins per weight) in the time period 8 to 11 weeks p.i., which raised levels of total plasma ketone bodies by >5-fold (P<0.01). Compared with Rbpj iΔEC mice fed a control diet (67% carbohydrates, 4% fat, 19% proteins per weight), the Rbpj iΔEC mice fed a ketogenic diet survived significantly longer (P=0.03) ( Figure 8B ). Based on this finding, mice were fed a ketogenic diet starting immediately after gene recombination. Eight weeks later, echocardiography showed that Rbpj iΔEC mice fed a ketogenic diet had similar heart function to Cre-negative control animals, whereas Rbpj iΔEC mice fed a control diet suffered from severe heart failure ( Figure 8C through 8G and Figure  VD through VH in the online-only Data Supplement). The degree of impairment observed in the control-fed Rbpj iΔEC mice was less pronounced, as reported in Figure 2 . The reason for this outcome is likely the slightly variable onset of the phenotype and because the night before the examination, 3 control-fed Rbpj iΔEC mice died (that had severely enlarged hearts). Consistent with the improvement of cardiac function, the levels of glucose-6-phosphate were lower in Rbpj iΔEC mice fed a ketogenic diet compared with those fed a control diet ( Figure 8H ).
DISCUSSION
This study has revealed critical and rate-limiting functions of EC Notch signaling in adult mice as a novel regulator of cardiac blood vessel growth and fatty acid transport across the vessel wall. Notch signaling controls numerous cell fate differentiation steps during development, tissue regeneration, and repair. Little is known about its roles for the maintenance of homeostasis in the adult organism. Recently, it was shown that elevated Notch activity promotes hepatic glucose production and reduces browning of adipose tissue, whereas genetic ablation of Rbp-jκ in hepatocytes or adipose cells as well as global Notch1 deficiency improved insulin sensitivity. 8, 11, 39 Because the metabolic status influences Notch signaling activity in hepatocytes as well as other cell types, including ECs, [8] [9] [10] [11] [12] we analyzed the roles of Notch in the adult endothelium of mice with an emphasis on metabolism. The data show that Notch signals in the endothelium are needed for proper transcriptional control of key genes (Lipg, Angptl4, CD36, Fabp4/5) for triacylglycerol hydrolysis and long-chain fatty acid transport through ECs. ECspecific targeting of Rbp-jκ led to impaired hydrolysis of triacylglycerol and decreased transport of long-chain fatty acids to heart muscle. This finding was associated with a switch from fatty acids to glucose as sources for energy production. Such a switch is also well known from several animal models of heart failure. Increased amounts of glycolysis intermediates can activate AKT and mTOR-S6K signaling. Sustained activity of these signaling pathways in cardiomyocytes induces cardiac hypertrophy, followed by heart failure. 35, 36 Second, this work demonstrates an essential role of Rbp-jκ for inhibiting blood vessel growth in the adult heart. Notch and Rbp-jκ inhibition during the embryofetal and perinatal periods leads to increased sprouting angiogenesis and defects in arteriovenous differentiation. 13, 40, 41 DLL4 neutralizing antibodies can induce the formation of vascular tumor-like structures on longterm treatment. 42 Here we show that blood vessel density was increased on deletion of Rbp-jκ in the heart. We hypothesize that any form of tissue growth (eg, cardiac hypertrophy) or tissue remodeling will result in aberrant and blood vessel growth in case Notch signaling is inhibited. It will be fascinating to decipher this idea in detail in future studies.
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At this stage, one cannot definitely decide whether heart failure occurs solely because of impaired fatty acid transport in Rbpj iΔEC mice. Although perfusion studies did not show obvious defects, one can assume-based on studies in tumors 21 -that the remodeled cardiac vasculature is not fully functional. Nevertheless, several other observations strengthen the hypothesis that an altered nutrient supply to cardiomyocytes on EC-specific deletion of Rbp-jκ is important for the deterioration of heart function. We detected increased expression of Angptl4, a secreted noncompetitive inhibitor of lipoprotein lipase, 43 in ECs isolated from Rbpj iΔEC mice. Cardiac-specific overexpression of Angptl4 causes heart failure in mice. 44 Lipg expression was impaired in Rbpj iΔEC mice. Mice deficient for this endothelial lipase are viable, but heart function is more impaired after aortic banding compared with controls. 45 Additionally, global deficiency for Fabp4/Fabp5 causes cardiac metabolic remodeling and mild heart hypertrophy in mice, which was attributed to the lack of these proteins in cardiac endothelium. 46 The phenotype of Rbpj iΔEC mice is more severe, but one should notice that in these animals there is misregulation of a whole set of genes controlling or executing different steps of fatty acid hydrolysis and transport together with alterations in vascular patterning. Last, our interventional experiments with rapamycin and ketogenic diet further strengthened the importance of metabolic remodeling as an important cause of worsened heart function in Rbpj iΔEC mice. In summary, this work demonstrates the importance of angiocrine functions for the maintenance of cardiac homeostasis.
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